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A B S T R A C T   
Soils are the main Hg reservoir in the terrestrial ecosystems where it is deposited via wet or dry deposition and 
litterfall. Once on the soil surface, different biogeochemical routes will determine the fate of Hg and the role of 
terrestrial ecosystems as a Hg source or sink. The specific chemical and physical characteristics of Podzols and 
podzolic soils contribute to the accumulation of Hg in their illuvial horizons, avoiding its leaching to ground-
water. The geographical location, state of pedogenesis, soil age, abundance of carrier phases and physical 
properties can affect the presence and distribution of Hg in soils. Therefore, understand and relate these factors 
with the behavior of Hg in Podzols and podzolic soils is key to define the role of this type of soil in the terrestrial 
Hg cycle. In this work, ten podzolic soil profiles were collected in an Atlantic coastal forest area of Portugal and 
analyzed for the main physico-chemical properties and Hg content to assess the influence of the intensity of 
podzolization in the Hg depth distribution. Three different patterns of Hg distribution in the studied Podzols, 
depending on the predominance of atmospheric deposition or the intensity of podzolization, have been defined. 
The pattern I showed the maximum Hg contents in the surface A horizons (12.9–23.5 µg kg− 1), pattern II 
exhibited the highest peaks in the subsurface illuvial horizons (2.3–17.3 µg kg− 1) and pattern III presented an 
even distribution of Hg through the soil profile. We found that dissolved organic matter (DOM) is the main 
carrier of Hg in the A and E horizons, whereas metal(Al, Fe)-humus complexes and/or oxyhydroxides contribute 
to immobilizing Hg in the illuvial horizons (Bh, Bs and Bhs). The principal component regression (PCR) analysis 
predicted satisfactorily the Hg distribution through soil organic matter and Al and Fe oxyhydroxides. The Hg 
immobilized in the subsurface layers of Podzols is retained in the long term, avoiding its migration to other 
components of terrestrial ecosystems where it could cause serious environmental damage such as groundwater 
and superficial waters.   
1. Introduction 
The knowledge of the presence, distribution and fate of mercury (Hg) 
in soils is key to understand the role of terrestrial ecosystems in the 
global biogeochemical Hg cycle. Depending on the balance between 
inputs and emissions from soils, they can act indistinctively as a source 
or sink (Jiskra et al., 2015; Obrist et al., 2014; Peretyazhko et al., 2006; 
Poissant and Casimir, 1998), a fact that will determine their function on 
the Hg exchanges among biosphere components worldwide. Because of 
the wide variety and distribution of soils globally, the deposition sources 
can geographically differ between locations mostly due to climatic 
conditions and vegetation (Wang et al., 2019). 
Mercury can reach soils through different mechanisms both from 
natural and anthropogenic sources, including senescence of vegetation 
at different deposition rates (Guédron et al., 2013; Jiskra et al., 2015; 
Sheehan et al., 2006), direct wet or dry deposition (Enrico et al., 2016; 
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Rutter et al., 2011) and even weathering of the soil parent material. 
However, in areas far from emission sources and not naturally Hg 
enriched, the predominant origin of Hg is the atmosphere, which causes 
its preferential accumulation in the uppermost soil horizons (up to 
30–50 cm), mainly bound to the sulfur groups of the organic matter 
(Skyllberg et al., 2006; Khwaja et al., 2006). Because of the primarily 
atmospheric provenance, soils are considered to accomplish the role of 
Hg sink in terrestrial environments, accounting for 250–1000 Gg of the 
organically bound Hg (Horowitz et al., 2014). 
Mercury deposited over the surface of soils can be exposed to 
different biogeochemical routes that will determine either its trans-
ference to other environmental compartments or its retention in the soil. 
Particularly, the Hg depth distribution in different soil profiles and 
pedosequences can be determined by a variety of factors such as the 
abundance and affinity for carrier phases, the physical characteristics, 
and the age or stage of pedogenesis. 
Firstly, the presence of certain soil components can either increase 
the Hg migration through the soil profile or reduce it causing some Hg 
immobilization in certain soil layers. The most common soil components 
involved in Hg biogeochemistry are organic matter complexes (Khwaja 
et al., 2006; Qian et al., 2002; Schlüter, 1997; Schuster, 1991), Al and Fe 
compounds such as metal(Al, Fe)-humus complexes or Al and Fe oxy-
hydroxides (Guédron et al., 2018; Jiskra et al., 2012; Roulet and Lucotte, 
1995; Sarkar et al., 1999) and clay minerals (Hamilton et al., 1995; 
Sarkar et al., 2000). 
Secondly, the mobility of Hg through the soil profile could be 
influenced by soil physical and hydraulic properties such as the texture. 
The migration of Hg and other soil components is strongly enhanced in 
coarse-textured soils, characterized by high sand contents and low 
amounts of silt and clay-sized particles (Biester et al., 2002; Sauer et al., 
2008; Grand and Lavkulich, 2011; Rothstein et al., 2018), allowing Hg 
and other contaminants to reach other environmental compartments 
like groundwater or superficial waters. On the contrary, clay-sized 
particles not only slow down the migration of water through the soil 
profile but also act retaining Hg because of their higher reactivity due to 
the greater specific surface area, negative charge (Qin et al., 2014; Yin 
et al., 2016) as well as moderate content of organic matter (Gómez- 
Armesto et al. 2020a). However, clay-sized particles show little influ-
ence on the hydraulic conductivity when aggregated, allowing water 
circulation through the macroporous space, as for ferralitic soils (Do 
Valle et al., 2005; Fiorentino et al., 2011). This is not the case of the 
illuvial horizons, where the pore obstruction by clay particles and 
organic matter reduces the soil permeability at the bottom of these soil 
profiles (Fritsch et al., 2011; Gómez-Armesto et al., 2018; Gómez- 
Armesto et al., 2020a). 
In the specific case of Podzols, Hg can be leached downwards the soil 
profile from the surface horizons together with other soil compounds, 
such as dissolved organic matter (DOM), Al and Fe colloidal compounds 
(Guédron et al., 2009; Navrátil et al., 2014; Richardson et al., 2018). 
Podzols are characterized by an ash-grey eluvial horizon (E) underlying 
by a reddish-brown to dark illuvial horizon (Bh, Bs or Bhs). The eluvial 
horizons are impoverished in soil organic matter, Al and Fe compounds, 
while illuvial horizons are enriched in them (Sauer et al., 2007). Podzols 
usually develop over coarse-textured parent materials poor in base 
cations and rich in quartz (Lundström et al., 2000). Therefore, both the 
presence and abundance of Hg carrier phases and the texture of this type 
of soil regulate the migration of Hg and other soil compounds through 
the soil profile. 
In highly permeable surface sandy horizons of Podzols, the migration 
of Hg to deeper soil layers is enhanced and thus, a gradual decrease of 
Hg concentrations with increasing depth is expected (Biester et al., 
2002). However, below the eluvial horizons, the downwards transport 
of Hg in the soil solution would be reduced due to the presence and 
accumulation of soil components, such as organic matter, Al and Fe 
compounds, able to retain Hg in the long term, avoiding its transport to 
other environmental systems and thus reducing its toxicity. Therefore, 
the specific objectives of the present study were to (1) determine the Hg 
concentration and its vertical distribution in ten podzolic soil profiles 
characterized by an extremely high content of sand in an Atlantic coastal 
area of Portugal, (2) relate it to the main soil processes and components 
that characterize podzolization, and (3) search for the main soil com-
pounds implied in the Hg patterns observed in these soils. 
2. Material and methods 
2.1. Study area 
The soils under investigation are located in the Leiria National Forest 
(39◦42′41.66′’-39◦52′19.90′’N; 9◦02′19.83′’-8◦53′43.56′’W; Marinha 
Grande, Portugal), a national pine forest managed since 1879. The 
climate of the area is of Mediterranean type, tempered by an oceanic 
influence; the mean annual air humidity is about 84%. Mean annual 
precipitation ranges 710–910 mm, and the mean annual air temperature 
is 14.1 ◦C, ranging from a mean of 9.5 ◦C in December to 19.4 ◦C in 
August (INMG, 1991). The landscape is flat to undulating and the alti-
tude ranges 10–130 m. Soils of the National Forest, Arenossols, Podzols 
and intergrades (Monteiro et al., 2015), are developed over quaternary 
sedimentary rocks (quartz sands), which in small areas overly Pliocene 
formations (Zbyszewski and Torre de Assunção, 1965). Current forest 
vegetation includes a maritime pine (Pinus pinaster Ait.) plantation with 
a density of 170–180 trees ha− 1, associated with shrubs, namely Calluna 
vulgaris (L.) Hull, Cistus salviifolius L., Halimium calycinum (L.) K. Koch, 
Ulex europaeus subsp. latebracteatus L., Phillyrea angustifolia L. and 
Pteridium aquilinum (L) Kuhn. 
2.2. Soil sampling 
Following a previous study to assess the characterization, classifi-
cation and distribution of Podzols in the Leiria National Forest (Mon-
teiro et al., 2015), ten soil profiles with podzolic features were chosen 
for the present study. Eight pedons (P.1, P.2, P.3, P.6, P.8, P.20, P.21, 
P.25) are developed on sand dunes, whereas two (P.10, P.26) are 
developed on dunes overlying Pliocene formations. All the soil sampling 
sites are located in a flat relief with slopes ranging from flat to very 
gentle slope (<2%) according to FAO (2006). At any sampling site, a pit 
was excavated and samples from each horizon identified were taken 
with a plastic garden trowel, which was rinsed twice with a diluted 
HNO3 solution and then dried between sample collection. In total, a 
population of 67 samples was collected. Soil samples were stored in 
plastic bags and transported to the laboratory in a portable fridge at 4 ◦C. 
Once in the laboratory, after plant debris, stones and other large parti-
cles removal, samples were disaggregated, air-dried at room tempera-
ture, and sieved using a 2-mm mesh. 
2.3. Physico-chemical and mineralogical characterization of soil samples 
General characterization of bulk soil samples (<2 mm) of the 
different horizons included the particle-size distribution applying the 
internationally-recognized pipette method (Gee and Bauder, 1986) with 
previous oxidation of soil organic matter by using 30% H2O2. In addi-
tion, soil pH in water (pHw) and 0.1 M KCl solution (pHK) using a 1:2.5 
soil:solution ratio, and total C and N contents were determined in finely 
milled samples by using an autoanalyzer (Fisons EA 1108, Mt Pleasant, 
NJ). Effective cation exchange capacity (eCEC) was estimated as the sum 
of the base cations (Ke, Nae, Cae, Mge) displaced with 1 M NH4Cl (Peech 
et al., 1947) and Al extracted with 1 M KCl (AlK; (Lin and Coleman, 
1960). Different solutions were applied to assess Al and Fe distribution 
in the soil solid phase according to García-Rodeja et al. (2004). Briefly, 
total organo-metal (Al, Fe) complexes were estimated with 0.1 M Na- 
pyrophosphate solution (Alp, Fep); whereas organo-metal (Al, Fe) com-
plexes and inorganic non-crystalline Al and Fe oxyhydroxides were 
dissolved with 0.2 M ammonium oxalate-oxalic acid buffered at pH 3 in 
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the dark (Alo, Feo). The total free Al pool was estimated with 0.5 M 
NaOH solution (Aln) while total free Fe, including organo-Fe complexes, 
non-crystalline and crystalline Fe oxyhydroxides were estimated from 
an extraction with Na-dithionite-citrate (Fed) (Holmgren, 1967). 
Operatively-defined fractions of both metals were as follows: total free 
Al and Fe minus oxalate-extractable Al and Fe were considered an 
estimation of crystalline Al and Fe compounds (Alc, Fec); oxalate-oxalic 
extracted Al and Fe minus Na-pyrophosphate extractable Al and Fe can 
be considered as an estimation of the inorganic non-crystalline Al and Fe 
compounds (Alia, Feia). The organic-complexed Al pool was further 
characterized using 0.5 M CuCl2 (Juo and Kamprath, 1979) and 0.33 M 
LaCl3 (Hargrove and Thomas, 1981), resulting in AlCu and AlLa, 
respectively. Following García-Rodeja et al. (2004), these extractions 
allow differentiating operatively between high stability (Aloh, as Alp – 
AlCu), moderate stability (Alom, AlCu – AlLa) and low stability (Alol, AlLa – 
AlK) Al-humus complexes. For the determination of C in Na- 
pyrophosphate extracts (Cp), they were previously filtered by 0.45 µm- 
pore size fiberglass membranes to remove suspended particles. After-
wards, 10 mL of the extract were transferred to a flask and allow to dry 
completely in an oven at 40◦. The dry extract was redissolved in 10 mL 
of concentrated H2SO4 and then, the released C was oxidized in excess 
with 1.8 N Cr2O7K2 solution at 105 ◦C. After cooling, the extract was 
transferred to a volumetric flask and ended up with distilled water. The 
excess of Cr2O7K2 in a sample aliquot is backtitrated with 0.1 N 
(NH4)2Fe(SO4)2 solution (Mohrś salt) in the presence of few drops (2–3) 
of concentrated acids (H2SO4 and H3PO4) and 1% diphenylamine solu-
tion. Flame atomic absorption/emission spectroscopy was used for 
determining the concentrations of the different cations in the extracts. 
The mineralogical characterization was carried out in the fine sand 
(50–100 µm) and clay fractions (<2 µm) of some illuvial horizons from 
soils P.2, P.21 and P.25. In order to minimize interferences during X-ray 
diffraction analysis, fine sand and clay samples were firstly treated with 
a 6%–H2O2 solution to remove soil organic matter and, subsequently, 
with a 2 M HCl solution to dissolve non-crystalline materials. Afterward, 
dry samples were finely ground. Minerals occurring in the analyzed 
samples were identified by using a Philips X-ray diffractometer (a 
PW1732 generator, a PW 1050 goniometer and a PW 1710 control unit 
with the PC-APD software v. 3.6B). X-ray diffraction patterns were ob-
tained for non-treated sand and clay-sized samples, as well as clay-sized 
samples saturated with 0.5 M MgCl2 solution (and in some cases with 1 
M KCl solution), samples solvated with ethylene glycol, and after 
exposition to heating at 350◦ and 550 ◦C. Scanning was performed in the 
angle region 2-45◦ 2θ using a Cu Kα radiation (40 V, 30 mA), with a 
scanning speed of 0.02◦ 2θ (2 s counting time) or, in the case of analyses 
more in detail, scanning speed of 0.004◦ 2θ s− 1 (5 s counting time). The 
obtained X-ray diffractograms were interpreted using the software 
MacDiff v. 4.2.5. 
2.4. Total Hg determination 
Total Hg concentration (HgT) was measured by atomic absorption 
spectroscopy after thermal combustion with a DMA-80 mercury 
analyzer (Milestone), using 80–100 mg of soil finely milled in an auto-
matic agate mortar (Retsch RM100, Retsch RM200). The limit of 
detection (LOD) for HgT was 0.43 µg kg− 1, considering an average mass 
sample of 100 mg. In terms of precision of the method, all soil samples 
were analyzed in duplicate and reanalyzed when the coefficient of 
variation between replicates exceeded 10%. For accuracy and quality 
purposes (QA/QC), standard reference materials NCS DC 87,101 (soil, 
14 ± 5 µg kg− 1) and GBW 07,427 (soil, 52 ± 6 µg kg− 1) were measured at 
the beginning of each analytical run and repeated every fifteen samples. 
The percentages of recovery were 96% for NCS DC 87,101 (average 13.5 
± 2.7 µg kg− 1, n = 9) and 98% for GBW 07,427 (average 50.7 ± 7.4 µg 
kg− 1, n = 9). 
2.5. Statistical data treatment and calculations 
Mercury enrichment factor (EFHg) was used, following Guédron et al. 
(2006), as a tool to discriminate the main source of Hg in soils dis-
tinguishing among an exogenic origin (i.e., from atmospheric inputs) or 
a lithological origin. Zirconium, whose total content was determined by 
an X-ray fluorescence analyzer (Siemens SRS3000), was used as a 
“conservative element” for EFHg calculation according to Eq. (1). The 
detection limit for Zr was 2 mg kg− 1 and the working range was from 40 





where the subscript Hor refers to a given soil horizon and Hor C refers 
to the deepest soil sample collected in the C horizon of each soil. The 
brackets indicate concentration in mg kg− 1 (for Zr) and μg kg− 1 (for Hg). 
This approach assumes that Hg in the C horizon comes completely from 
a lithogenic origin. As much as EFHg values separate from 1, more pre-
dominant is the atmosphere as Hg source independently of the natural or 
anthropogenic origin. On the contrary, EFHg values close, or below 1, 
denote a predominant lithological origin. 
A principal component analysis (PCA) was carried out to reduce the 
dimensionality of the database and summarize the variability in a few 
components (PCs). Varimax rotation was used because it maximizes the 
loadings of the variables on the extracted components. As the extracted 
principal components are orthogonal (i.e. independent), they are not 
subject to redundancy. Variables with loadings higher than 0.50 were 
considered relevant for each component (Abdi and Williams, 2010). 
In order to model how soil parameters are involved in the Hg pat-
terns observed in the soils studied, principal components regression 
(PCR) was performed, that is to say, a stepwise linear regression using 
the principal component scores obtained in PCA as predictor variables 
and Hg as the dependent variable. The suitability of the obtained model 
was tested by representing the values of predicted vs observed Hg. The 
weight of each principal component (wPC) was obtained by multiplying 
the score of each component by the corresponding standardized 
regression coefficient for each sample (Liu et al., 2003). 
Relationships between Hg and soil properties were obtained 
following a Spearman rank correlation (rs) considering that most of the 
results did not follow a normal distribution. The results of the statistical 
test were considered significant when p < 0.05. All statistical analyses 
were done using SPSS version 25.0 software for Windows. 
3. Results and discussion 
3.1. Physico-chemical and mineralogical soil properties 
The morphology of all the studied soils is highly compatible with the 
traditional Podzol morphology (Mokma et al., 2004), showing thick and 
coarse-textured light-colored horizons (up to 125 cm in soil P.21) 
overlying horizons with darker colours, from blackish to reddish, pre-
sumably depending on the different degree of accumulation of organic 
matter and secondary Al and Fe compounds. Darker subsurface horizons 
do not show evidence of cementation whereas some soils present sub-
horizons AE or EB. However, sometimes the morphological soil char-
acteristics could not meet successfully all the chemical criteria for albic 
material and spodic horizon required by the World Reference Base for 
Soil Resources (WRB). As the classification of the studied soils is beyond 
the aims of this research, readers are referred to Monteiro et al. (2015) 
for detailed information about this issue. 
The physico-chemical characteristics of the studied soils seem to be 
consistent with the podzolization as the main pedogenetic process that 
has been occurring in them. The extremely coarse texture of the studied 
soils, facilitating water infiltration, and forest vegetation dominated by 
Pinus pinaster, supplying litterfall characterized by low decomposition 
rate and high organic acid production, are well-known factors favoring 
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the podzolization (Lundström et al., 2000; Mokma et al., 2004; Valerio 
et al., 2016). 
The main physico-chemical characteristics of the ten studied 
podzolic soils are shown, as mean values per genetic horizon, in Table 1. 
Data of the complete population of soil samples can be found in Sup-
plementary Material (Table S1). 
Particle-size distribution is dominated by the sand fraction (coarse +
fine) whose average is above 90% for all horizons, although it is 
somewhat higher in the E horizons (mean 99%). Podzols with an 
extremely coarse-textured as those of the present study, with sand 
contents above 90%, are common in coastal and inland dune areas 
worldwide (Skjemstad et al., 1992; Sauer et al., 2008; Cornelis et al., 
2014; Jankowski, 2014; Krettek et al., 2020). It must be remembered 
that coarse textures favor water percolation, which contributes to the 
mobilization (translocation) of soluble organic matter and associated 
metals (Schaetzl et al., 2015). The predominance of the sand fraction, 
although somewhat lower than for Podzols in coastal areas, is also 
recurrent in Podzols from mountains areas in central and south Europe 
(Bonifacio et al., 2006; Waroszewki et al., 2013, 2015; Gómez-Armesto 
et al., 2021). The maximum silt contents are found in the A horizons 
(average 2.5 ± 1.6%), and the lowest in the E horizons (mean 0.8 ±
0.7%). The clay fraction is the least abundant particle size fraction in all 
soil profiles, with the highest content found in the illuvial (Bh, Bhs and 
Bs) and C horizons (up to 1.4%). Compared to the E horizons, the in-
crease of the clay fraction in the illuvial horizons (Bh, Bhs and Bs) has 
been frequently observed in Podzols, being attributed to the accumu-
lation of Al and Fe oxyhydroxides and organic C mobilized from over-
lying horizons due to podzolization (Sauer, et al., 2008; Cornelis et al., 
2014). 
Following this particle-size distribution, all soil samples show a 
sandy texture in agreement with the low content of weatherable min-
erals in the soil parent material (mostly quartz sands). 
All the studied soils can be characterized from moderate to strongly 
acidic, with values of pH in distilled water (pHw) increasing with soil 
depth from an average of 4.7 ± 0.6 in the A horizons to 5.4 ± 0.3 in the C 
horizons (Table 1). The increase of pHw with depth was also reported in 
Podzols from a nearby area in NW Spain (Ferro-Vázquez et al., 2014; 
Gómez-Armesto et al., 2021), along the Finnish coast (Mokma et al., 
2004), in a Podzol from the north USA (Schaetzl et al., 2015) or in sandy 
podzolic soils from Poland (Waroszewski et al., 2013, 2015; Jankowski, 
2014). As expected, the average values of the pH measured in saline 
solution (pHk) were lower than pHw, varying from 3.2 to 4.4 in the A and 
C horizons, respectively, but keeping the increasing trend with soil 
depth already observed for the pHw. Our pHk values are in the range 
(2.7–5.3) observed for podzolic soils in Norway, Poland, Germany and 
Belgium (Sauer et al., 2008; Jankowski, 2014; Krettek et al., 2020). In 
general, the lowest values of pH in the A horizons could be associated 
with the organic acidity derived from the decomposition of litter, as it is 
denoted from the highest contents of organic C. 
Mean values of total soil organic C (SOC), which is considered 
equivalent to total C due to the absence of inorganic carbonates, ranged 
from 18.1 g kg− 1 in the A horizons to 1.0 g kg− 1 in the C and E horizons 
(Table 1). SOC values showed an increase in the subsoil (average 7.4 g 
kg− 1) that correspond to the illuvial horizons (Bh, Bs and Bhs). This 
bimodal distribution of SOC is characteristic of Podzols (Mokma and 
Buurman, 1982; Lundström et al., 2000), with E horizons almost 
depleted in C due to eluviation and accumulation of SOC in the illuvial 
layers. Recently, Rothstein et al. (2018) concluded that up to 80% of the 
dissolved organic C occurring in the B horizons of a pine forest soil came 
from the organic (O) horizon, without discarding the contribution of fine 
tree roots and the decomposing activity of microbial communities. 
In general, SOC values in the studied soils are in the range (1–72 g 
kg− 1) observed for mineral horizons of Podzols and podzolic soils 
worldwide (Mokma et al., 2004; Ferro-Vázquez et al., 2014; Jankowski, 
2014; Waroszeski et al., 2013, 2015; Rothstein et al., 2018; Krettek 
et al., 2020; Gómez-Armesto et al, 2021). Total contents of N are below 
the detection limit in most of the samples corresponding to C and E 
horizons, whereas an average of 0.5 and 0.2 g kg− 1 was found for A and 
illuvial horizons, respectively (Table 1). 
In Podzols and podzolic soils, together with the amount of organic 
matter, the quality of the organic matter also takes a key role. The degree 
of organic matter humification could affect the movement of water 
through the soil and, consequently, the vertical and lateral transport of 
solutes and colloids (Deurer et al., 2000, Jankowski, 2014) and the own 
intensity of the podzolization process. The C/N ratio, an indirect esti-
mation of the degree of humification of soil organic matter, shows 
considerably higher mean values in the A, E and illuvial horizons (where 
it ranged from 36 to 40) compared to the C horizons (Table 1). More-
over, the C/N ratios in the present work are well above those showed in 
previous studies with similar soils where they varied from 12 to 30 
(Jankowski, 2014; Krettek et al., 2020), and they did not show a dimi-
nution trend from the A to the illuvial horizons as often reported in 
Podzols (Jankowski, 2014; Krettek et al., 2020). The observed high 
values of the C/N ratios could be due to the low content of total N, which 
is common in the litterfall from coniferous species (McGroddy et al., 
2004), but they also suggest a lower rate of organic matter humification 
(Grand and Lavkulich, 2011). The scarce transformation of the organic 
matter in the studied soils is consistent with the high lignin and low N 
content in pine needles that slow down its mineralization (Krishna and 
Mohan, 2017). Our low total N values are in line with Rothstein et al. 
(2018), who reported an abundance of lignin-derived compounds and 
low levels of protein and other N-bearing compounds in the dissolved 
organic matter from organic horizons of pine forests. The low values of 
the Na-pyrophosphate extractable C (Cp), which can be also considered 
as an estimation of the well-humified soil organic C, support a relatively 
low organic carbon mineralization. The values of Cp in the A and Bh/Bs 
horizons averaged 2.9 and 1.8 g kg− 1 respectively, whereas in the E and 
C horizons Cp is almost absent (Table 1). Moreover, the low values of the 
Cp/C molar ratio (0.2–0.3) also point out that only a small fraction of the 
total organic matter in the A and Bh/Bs horizons can be considered well- 
humified. 
The effective cation exchange capacity (eCEC) is very low in all 
horizons (<2.5 cmolc kg− 1) with the cation exchange complex domi-
nated by base cations (mostly Ca) whereas exchangeable Al mean values 
were below 0.3 cmolc kg− 1 (Table 1, Table S1). This unexpected result, 
taking into account the strong acidity of the studied soils and the poverty 
Table 1 
Main physico-chemical characteristics of the studied soils as average values per type of horizon.  
Hor n Sand Silt Clay pHwa pHK Cb Cp N C/N BSc eCEC        
g kg− 1    cmolc kg− 1  
A 15 96.3 ± 2.2 2.5 ± 1.6 1.2 ± 1.1 4.7 ± 0.6 3.2 ± 0.5 18.1 ± 10.2 2.9 ± 2.9 0.5 ± 0.3 40 ± 13 2.4 ± 1.4 2.5 ± 1.4 
E 17 98.8 ± 0.7 0.8 ± 0.7 0.5 ± 0.4 5.0 ± 0.3 3.7 ± 0.3 1.0 ± 0.9 0.1 ± 0.3 0.0 ± 0.0 37 ± 21 1.0 ± 0.1 1.1 ± 0.1 
Bh/Bs 20 97.5 ± 2.2 1.1 ± 1.0 1.4 ± 1.3 5.0 ± 0.4 4.1 ± 0.3 7.4 ± 5.6 1.8 ± 2.8 0.2 ± 0.2 36 ± 13 1.1 ± 0.4 1.4 ± 0.5 
C 15 97.0 ± 3.1 1.6 ± 2.2 1.4 ± 1.4 5.4 ± 0.3 4.4 ± 0.3 1.0 ± 0.9 0.3 ± 0.6 0.0 ± 0.0 5 ± 2 1.0 ± 0.3 1.1 ± 0.4  
a pHw and pHk are pH values measured in distilled water and 0.1 M KCl. respectively. 
b C. Cp. N: total carbon content. Na-pyrophosphate extractable C and total nitrogen content. 
c BS: sum of base cations (Na, K, Ca, Mg); eCEC: effective Cation Exchange Capacity. 
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in base cations of the parent material (mostly quartz sands), contrasts 
with previous studies reporting Al as the dominant cation in the cation 
exchange complex of Podzols (Waroszeswki et al., 2013; Valerio et al., 
2016). Despite this, our values of eCEC are in the range reported by 
Różański et al. (2016) for an Albic Podzol (1.4–5.5 cmolc kg− 1). 
The mineralogical composition of the fine sand is almost identical in 
the three samples (Table S2), with quartz as the dominant mineral 
(>90%) accompanied by minor amounts (2–5%) of K-feldspar (micro-
cline) and plagioclase (albite). Traces of muscovite were also observed 
in the sample of the soil P.25. The great abundance of quartz in the sand 
fraction is consistent with the extremely coarse texture observed in the 
studied soils. Regarding the mineralogical composition of the clay 
fraction, it is also dominated by quartz with microcline as the second 
most abundant mineral in all samples (2–5%). However, in the clay- 
sized fraction albite occurred in lower amounts than in the sand frac-
tion, being < 2% in weight or lower (traces) in the assessed illuvial 
horizons (Table S2). The presence of pedogenetic clay minerals is only 
represented by traces of illite in all samples and kaolinite in the illuvial 
horizons of the soils P.2 and P.21. 
The mineralogical composition observed in the sand and clay-size 
fractions was in agreement with that reported by Mokma et al. (2004) 
for Podzols in Finland developed from sandy parent materials, where 
quartz dominates the clay fraction with only very low amounts of illite, 
chlorite and illite-vermiculite. Recently, Cornelis et al. (2014) also 
observed dominance of quartz in the clay fraction of Podzols developed 
from a similar parent material (beach sand), whereas the pedogenetic 
clay minerals they found were illite, kaolinite and chlorite, similar to the 
current study. The occurrence of pedogenetic clay minerals (illite and 
kaolinite) in the illuvial horizons of the soils P.2, P.21 and P.25 can be 
interpreted, following Cornelis et al. (2014), as a result of the dissolution 
of primary minerals due to podzolization. 
3.2. Contents and distribution of secondary al and Fe compounds 
Secondary Al and Fe compounds, including metal (Al, Fe)-humus 
complexes and Al and Fe oxyhydroxides with different degree of crys-
tallinity, play a key role in several soil functions and their vertical dis-
tribution becomes a distinctive feature in Podzols (Buurman and 
Jongmans, 2005; Sauer et al., 2007; Ferro-Vázquez et al., 2014, 2020). 
Although a recent study highlights several uncertainties about the 
Table 2 
Distribution of Al and Fe compounds in the soil solid phase, total Hg concentrations and enrichment factor as average values per type of horizon.  
Hor n Alpa Alo Aln Fep Feo Fed  Alp/Alo Alo/Aln Fep/Feo Feo/Fed HgTb EFHgc   
g kg− 1      µg kg− 1  
A 15 0.3 ± 0.2 0.2 ± 0.2 0.3 ± 0.3 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.2  1.1 ± 0.1 0.8 ± 0.2 0.7 ± 0.1 0.5 ± 0.2 11.9 ± 6.2 2.8 ± 2.3 
E 17 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.0 ± 0.1 0.1 ± 0.1 0.2 ± 0.2  1.0 ± 0.0 1.0 ± 0.1 0.7 ± 0.4 0.3 ± 0.1 4.3 ± 1.4 0.9 ± 0.4 
Bh/ 
Bs 
20 1.2 ± 0.8 1.8 ± 1.6 2.7 ± 2.2 0.4 ± 0.7 0.4 ± 0.5 0.8 ± 0.9  0.8 ± 0.3 0.7 ± 0.1 0.8 ± 0.3 0.5 ± 0.2 9.8 ± 4.7 1.7 ± 1.0 
C 15 0.5 ± 0.3 0.7 ± 0.5 1.5 ± 1.1 0.1 ± 0.2 0.1 ± 0.2 0.5 ± 0.8  0.7 ± 0.2 0.6 ± 0.2 0.8 ± 0.1 0.4 ± 0.1 7.0 ± 3.3 1.2 ± 0.8  
a Alp (Fep), Alo (Feo), Aln and Fed: Al (Fe) extracted with Na-pyrophosphate (p), ammonium oxalate-oxalic acid (o), Al extracted with Na hydroxide (n) and Fe 
extracted with Na-dithionite-citrate (d), respectively 
b HgT: Total Hg content. 
c EFHg: enrichment factor of Hg estimated taking into account the Zr content of the C horizon of each profile. 
Fig. 1. Percentage of organically complexed Al distributed in complexes of low, moderate and high stability (Alol, Alom, Aloh) in the studied soils.  
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use of selective dissolution extractions to define secondary Al and Fe 
compounds in soils (Rennert, 2019), their application still results 
reasonably for a wide variety of soils including Podzols (Parfitt and 
Childs, 1988). 
The contents of extractable secondary Al and Fe compounds of the 
studied soils are shown in Table 2 (as an average for each genetic ho-
rizon), whereas the absolute values for all samples can be found in 
Table S1. 
All the chemical extractions assessed (NaOH, ammonium oxalate- 
oxalic acid and Na-pyrophosphate) showed Al values with a similar 
trend with soil depth. The lower mean values of Al are found in the A and 
E horizons (0.2–0.3 g kg− 1) and the highest in the illuvial layers 
(1.2–2.7 g kg− 1), whereas the C horizons present intermediate mean 
values (0.5–1.5 g kg− 1). 
The similar contents of NaOH-extractable Al (Aln) and ammonium 
oxalate-oxalic acid-extractable Al (Alo) (Table 2), indicate that second-
ary crystalline Al compounds do not occur in significant amounts in the 
A and E horizons. However, Alo/Aln ratios for the illuvial (Bh, Bs) and C 
horizons (0.7 and 0.6, respectively) suggest that secondary crystalline Al 
compounds represent a meaningful fraction (approximately 30–40%) of 
their total free Al pool. The similarity of Alp and Alo mean values in the A 
and E horizons (0.2–0.3 g kg− 1) indicates that inorganic non-crystalline 
Al compounds are scarce in these horizons (Alp/Alo ratios ≈1, Table 2). 
On the contrary, they contribute to some extent to the total free Al pool 
of the illuvial horizons, particularly in the soils P.6, P.8, P.10, P.20 and 
P.26 where Alo > Alp (Table S1). 
Aluminum fractionation is widely dominated by Na-pyrophosphate 
extractable Al (Alp) which, despite some uncertainties about its speci-
ficity (Kaiser and Zech, 1996; Rennert, 2019), should be interpreted as a 
useful estimation of the organically complexed Al in Podzols and 
podzolic soils (Highasi, 1983; Mokma et al., 2004; Kaal et al., 2008; 
Grand and Lavkulich, 2011; Schaetzl et al., 2015). The prevalence of the 
organically-complexed Al (Alp) in the studied soils is supported by the 
Alp/Alo ratios ≈ 1 in the A and E horizons, as well as values above 0.7 in 
the illuvial and C horizons (Table 2). The values of Alp in the soils of the 
current study varied between 0.2 and 2.5 g kg− 1, being in the range 
0.1–20 g kg− 1 reported for Alp in Podzols and podzolic soils from boreal 
and temperate areas worldwide (Mokma et al., 2004; Kaal et al., 2008; 
Sauer et al., 2008; Grand and Lavkulich, 2011; Ferro-Vázquez et al., 
2014; Peña-Rodríguez et al., 2014; Schaetzl and Rothstein, 2016; 
Valerio et al., 2016; Gómez-Armesto et al., 2021). The concomitant 
occurrence of peaks of Na-pyrophosphate extractable Al and SOC in the 
illuvial Bh and Bhs horizons can be considered as evidence for Al and 
organic C mobilization from overlying horizons, which manifested a 
considerable depletion of these soil compounds. 
Aluminum-organic matter associations have been characterized in 
Podzols to go further in the role of Al fractionation in pedogenetic and 
environmental issues (Coelho et al., 2010; Ferro-Vázquez, et al., 2014, 
2017, 2020; Gómez-Armesto et al., 2021). In the current study, the Al- 
OM complexes follow the next sequence in order of abundance in all 
horizons: high stability Al-OM complexes (Aloh) > moderate stability Al- 
OM complexes (Alom) > low stability Al-OM complexes (Alol). 
The Aloh complexes (range 0.2–14.6 cmolc kg− 1; Table S1) show the 
highest values in the illuvial horizons (Bh, Bhs, Bs) where they account 
for a mean of 54% of the total Al-OM complexes in these horizons. The 
Aloh complexes averaged 85 and 51% of total Al-OM complexes for the E 
and A horizons, respectively (Fig. 1). Inaccuracies due to the very low 
values of extractable Al could satisfy the high percentage of Aloh in the E 
horizons (Ferro-Vázquez et al., 2014), whereas poorly-humified organic 
matter (mean C/N ≈ 40, Table 1) contributed to the occurrence of un-
saturated metal–organic C complexes in the A horizons (Schaetzl and 
Rothstein, 2016). 
The moderate stability Al-OM complexes (Alom) in all samples varied 
from their almost absence in some E horizons to the highest values (13.4 
cmolc kg− 1) in the illuvial Bh horizon of the soil P.25. These complexes 
were the most abundant Al-OM association in the uppermost horizons of 
soils P.1, P.2, P.3, P.20 and P.21 (with values close to 2 cmolc kg− 1), 
being quantitatively similar to Aloh in the illuvial horizons of the soils 
P.1, P.6, P.8, P.20, P.21 and P.25 (Table S1). On average, the low sta-
bility Al-OM complexes (Alol) account for<10% of the total Al-OM 
complexes (Table S1, Fig. 1). Despite their lower values, the Alol com-
plexes are relevant in terms of podzolization because their greater sol-
ubility could favor their downward migration (Ferro-Vázquez et al., 
2014). 
Regardless of the chemical extraction, the mean content of secondary 
Fe compounds was lower than secondary Al compounds per genetic 
horizon (Table 2), which is consistent with the extremely low contents of 
Fe in the soil parent material (quartz sands). 
The vertical distribution of secondary Fe compounds follows that for 
Al, with the lower mean values (<0.3 g kg− 1) in the A and E horizons and 
the highest (up to < 0.8 g kg− 1) in the illuvial horizons (Table 2). The 
Na-pyrophosphate extractable Fe (Fep), which is considered an estimate 
of the organic matter-complexed Fe (McKeague, 1967), ranged from 
below the detection limit up to 3.1 g kg− 1 (Table S1). The Fep values 
obtained in this study were similar to the range (0.1–8.0 g kg− 1) found in 
Podzols developed from sandy parent materials (Mokma et al., 2004; 
Sauer et al., 2008; Grand and Lavkulich, 2011; Schaetzl and Rothstein, 
2016). The mean values of the Fep/Feo ratio, above 0.7 in all horizons, 
suggest that most of the non-crystalline and short-range ordered Fe 
(resulted from ammonium oxalate-oxalic acid extractable Fe, Feo) are 
complexed by soil organic C as reported by previous studies (Sauer et al., 
2008; Ferro-Vázquez et al., 2014). However, this interpretation should 
be done with caution as extractions carried out at pH ≥ 7 (as the Na- 
pyrophosphate) can release Fe from oxyhydroxides in E and illuvial 
horizons of Podzols (Neubauer et al., 2013; Regelink et al., 2014). 
However, the significant positive correlation between Fep and total 
organic C (rs = 0.557; p = 0.000; n = 52), supports the previous 
consideration about the nature of Fe released after Na-pyrophosphate 
extraction. 
Mean values of total free Fe compounds in non-silicate forms (Fed) 
varied from 0.2 to 0.8 g kg− 1 depending on the genetic soil horizon 
(Table 2), with a notable accumulation in the illuvial horizons as 
commonly occurs in Podzols (Ferro-Vázquez et al., 2014; Schaetzl and 
Rothstein, 2016; Krettek et al., 2020; Gómez-Armesto et al., 2021). 
Following the Feo/Fed ratios, secondary crystalline Fe compounds (Fec, 
estimated as Fed – Feo) are the most abundant Fe fraction in all horizons 
unless for the illuvial ones, where Fe is evenly distributed between 
organically-complexed Fe and crystalline Fe compounds (50% each). 
The greater occurrence of crystalline Fe compounds observed in the A 
and E horizons is consistent with podzolization, which will remove from 
these horizons those more easily soluble Fe compounds (organically 
complexed Fe and Fe in short-range ordered minerals) favoring preser-
vation of less soluble crystalline Fe compounds. 
The vertical distribution of secondary Al and Fe compounds, mainly 
characterized by an impoverishment of secondary Al and Fe compounds 
in A and E horizons and a predominance of metal (Al, Fe)-organic matter 
associations in the illuvial horizons, is consistent with the podzolization 
as the main pedogenetic process characterizing the studied soils. The 
downward translocation of Al and Fe compounds, as well as organic 
matter, is a common feature recognized in Podzols (Lundström et al., 
2000; Buurman and Jongmans, 2005; Sauer et al., 2007). The accumu-
lation of metal (Al, Fe)-organic matter associations in illuvial horizons 
could occur due to their previous mobilization as particles or in the soil 
solution (Tolpeshta and Sokolova, 2009; Schaetzl and Rothstein, 2016). 
Afterwards, the immobilization of metal–organic matter associations in 
the illuvial horizons could take place due to an oversaturation of the 
organic C complexation capacity (Nierop et al., 2002; Jansen et al., 
2005), forming coatings on inorganic particles (Yuan et al., 1998; 
Eusterhues et al., 2007; Krettek et al., 2020) or adsorbed onto secondary 
minerals (Eusterhues et al., 2005; Spielvogel et al., 2008). In the study 
area, the nature of the soil parent material (nutrient-poor and prone to 
develop coarse-textured soils) as well as coniferous dominant vegetation 
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prone to abundant organic acid production, would favor soil 
podzolization. 
3.3. Total Hg contents and their vertical distribution patterns 
All the studied soils have very low total Hg contents (HgT), which 
range from 2.2 to 23.5 µg kg− 1 (Fig. 2, Table S1). On a genetic horizon 
basis (Table 2), mean HgT values decrease from the A horizons (11.9 ±
6.2 µg kg− 1) to the E horizons (4.3 ± 1.4 µg kg− 1), then increase in the 
illuvial horizons (9.8 ± 4.7 µg kg− 1) and diminish again until the deepest 
soil layers (C horizons, 7.0 ± 3.3 µg kg− 1). Total Hg levels in the studied 
soils are well below the threshold of 100 µg kg− 1 suggested as indicative 
for Hg non-contaminated soils (Xin and Gustin, 2007). In this sense, it 
can be considered that the studied soils are not influenced by any point 
source of Hg emissions. This is also supported by the relatively low 
average (<3, Table 2) of the Hg enrichment factor (EFHg), being 
necessary levels > 10 to consider a significant Hg contamination (Hissler 
and Probst, 2006; Guédron et al., 2006; Klaminder et al., 2008). 
The levels of HgT in the soils of the Leiria National Forest are in the 
same order as pristine Podzols worldwide, where mean Hg levels in 
mineral horizons scarcely exceed 50 µg kg− 1 (Do Valle et al., 2005; 
Richardson et al., 2013: Yu et al., 2014; Różański et al, 2016; Gruba 
et al., 2019; Nave et al., 2019; Gómez-Armesto et al., 2020b, 2021). Low 
values of HgT are also found in the mineral horizons of other pristine soil 
types such as Ferralsols (Do Valle et al., 2005; Guédron et al., 2006; 
Grimaldi et al., 2008; Fiorentino et al., 2011), Acrisols (Guédron et al., 
2006, 2009), Ultisols (Grimaldi et al., 2008), Andosols (Peña-Rodríguez 
et al., 2012) and brown-earth forest soils (Zhou et al., 2017). 
A thorough examination of HgT with depth in the studied soils 
revealed some distinctive features that allow us to identify three 
different patterns of HgT according to the occurrence of their maximum 
values (Fig. 2). The pattern I is characterized by the occurrence of the 
greatest HgT values in the A horizons as in the soils P.1, P.2, P.3, P.20 
and P.21, whereas a secondary peak is found in the illuvial horizons (as 
in soil P.2). Contrarily, the pattern II is featured by the greatest values of 
HgT in the illuvial horizons (soils P.6, P.8 and P.10) whereas slightly 
lower levels occurred in the Ah horizons. Pattern III (depicted by the 
soils P.25 and P.26) is characterized by an even distribution of HgT with 
soil depth without a distinctive maximum of HgT neither in the Ah nor in 
the illuvial horizons. 
The soils with the pattern I are consistent with the typical trend 
found for forest soils where HgT distribution resembles that of the 
organic C content (Yu et al., 2014; Du et al., 2019; Gruba et al., 2019). 
This is supported by the strong correlation between total organic C and 
HgT in the A horizons (rs = 0.807, p = 0.000, n = 15) which is similar to 
that reported for both parameters (r2 = 0.90) by Nave et al. (2019) in 
Podzols from coastal areas. Total Hg peaks in the A horizons are pre-
sumably due to the transference of atmospheric Hg to the soil surface by 
dry, wet and litterfall deposition (Demers et al., 2007; Gong et al., 2014; 
Gerson et al., 2017; Gómez-Armesto et al., 2020c). The atmosphere as 
the main source of HgT in the A horizons of the studied soils, is also 
confirmed by the fact that the highest values of the EFHg were found in 
those surface horizons (Table 2). However, the lithogenic contribution 
by weathering to the Hg accumulated in the A horizons cannot be ruled 
out, but the low values of HgT in the C horizons lead to consider the 
lithology as a minor relevant source for HgT in the A horizons. 
A greater content of HgT in the illuvial horizons than in the upper-
most mineral soil layers (pattern II) is often reported in the literature for 
Podzols and podzolic soils (Aastrup et al., 1991; Schwesig and Matzner, 
2000; Dreher and Follmer, 2004; Hissler and Probst, 2006; Navrátil 
et al., 2009, 2016; Richardson et al., 2013; Gómez-Armesto et al., 2020b, 
2021). For pattern III, no distinctive peaks of HgT were found 
throughout the pedon, similar to that reported by Nave et al. (2019) for 
several Podzols located in the USA. 
Different soil-forming factors, mostly soil age and podzolization in-
tensity (Mokma et al., 2004; Sauer et al., 2008; Cornelis et al., 2014), led 
to a different distribution of organic C and secondary Al and Fe com-
pounds among illuvial and eluvial soil layers that could explain, in some 
Fig. 2. Total Hg concentration (HgT) in the studied soils on a horizons basis.  
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extent, the differences between the three described Hg patterns. As 
organic C, Al and Fe compounds are mobilized downwards due to 
podzolization (Buurman and Jongmans, 2005; Schaetzl and Rothstein, 
2016; Rothstein et al., 2018), it would be expected that these com-
pounds could behave as carrier phases transferring Hg to deeper soil 
layers (Hissler and Probst, 2006; Jiskra et al., 2015). In any case, all the 
patterns described for HgT in the Leiria soils showed their lower values 
in the E horizons, which is consistent with the effect of podzolization 
removing most of the geochemically reactive soil components in these 
soil layers. However, the narrow association between Al and Fe com-
pounds and Hg is not exclusive of Podzols, as it was also found for 
Ferralsols and Acrisols (Guédron et al., 2009). 
Considering that the lithology (through the weathering of soil parent 
material) scarcely contributes to the Hg accumulation in the illuvial 
horizons compared to atmospheric sources, it is interesting to trace how 
Hg can be mobilized from overlying horizons. Several features of the 
studied soils point out that Hg is likely mobilized towards illuvial ho-
rizons in combination with soluble or colloidal organic C. The pre-
dominance of organic matter-metal associations in the A horizons with a 
low metal–organic C saturation facilitates their downward migration 
(Jansen et al., 2005; Schaetzl and Rothstein, 2016). The latest findings 
from field studies in Podzols can help to support the key role of organic 
matter in Hg mobilization. Schaetzl and Rothstein (2016) showed that 
soluble organic matter becomes a relevant carrier phase of metals in 
coarse-textured Podzols, such Al and Fe, but also Hg as it was afore-
mentioned. Recently, Rothstein et al. (2018) indicated that a high de-
gree of C saturation in the E horizons would allow the migration of 
unaltered C from the surface to the illuvial horizons. The mean value of 
the Alp/Cp atomic ratio of the E horizons indicated highly saturated 
organic C (0.20) and thus, in agreement with Rothstein et al. (2018), a 
fraction of Hg trapped by organic matter in the A horizons could reach 
directly the illuvial horizons being part of decomposed organic matter 
debris. This is consistent with previous studies that indicate Hg mobi-
lization is preferentially associated with partially degraded organic 
matter (Dmytriw et al., 1995; Guédron et al., 2009). In definitive, it 
should be reasonable to think that organic matter (either as dissolved C 
or complexed with metals) is involved in the downwards Hg migration 
in Leiria soils following one or several of the mechanisms above-
mentioned. The role of organic C in downwards Hg mobilization, 
transported either bound to dissolved organic C or as part of the clay- 
humic complex (Dreher and Follmer, 2004), was also reported in Pod-
zols located worldwide (Do Valle et al., 2005; Hissler and Probst, 2006; 
Navrátil et al., 2009; Blackwell et al., 2014). 
According to Schlüter (1996), two different (but not self-exclusive) 
mechanisms involving dissolved organic matter (DOM) could account 
for the Hg accumulation we observed in the illuvial horizons. In the first 
one, it is proposed that DOM acts as a bridge between inorganic Hg2+
species leached in soil solution and secondary Al and Fe compounds 
occurring in the illuvial horizons. Thus, DOM is initially adsorbed by 
secondary Al and Fe compounds in the illuvial horizons, being afterward 
available to retain the Hg2+ species leached in soil solution. A second 
mechanism, probably the dominant, can take place when Hg is mobi-
lized as DOM-metal(Al, Fe, Hg) complexes and then immobilized in the 
illuvial horizons through adsorption to secondary Al and Fe oxy-
hydroxides (Eusterhues et al., 2005; Spielvogel et al., 2008). In the 
illuvial horizons of the soils from Leiria National Forest, characterized 
by a dominance of organic matter-metal(Al, Fe) associations with high 
metal/C atomic ratios that promote their immobilization (Nierop et al., 
2002; Jansen et al., 2005), the precipitation of DOM-metal complexes is 
the more likely process responsible for Hg accumulation in these 
horizons. 
However, Hg retention as part of the organic C-rich coatings formed 
on inorganic particles (Yuan et al., 1998; Eusterhues et al., 2007; Krettek 
et al., 2020) or adsorbed by secondary clay minerals such as kaolinite 
(Sarkar et al., 2000) cannot be discarded. This mechanism is expected to 
contribute scarcely to Hg retention in the illuvial horizons of Leiria soils 
considering the very low contents of secondary Al and Fe compounds 
(Table S1), and the trace amounts of kaolinite (Table S2) which, at the 
mean pH of illuvial soils (5.0), their Hg adsorption capacity is consid-
erably diminished (Sarkar et al., 2000). 
3.4. Role of soil compounds in the Hg distribution 
An exploratory non-parametric correlation analysis revealed inter-
esting correlations between HgT and different soil parameters in the 
studied Podzols (Table S3). For example, HgT was strongly correlated to 
total organic C (rs = 0.722, p = 0.000, n = 67), to a fraction of the 
organic matter-Al associations estimated by CuCl2 extraction (rs =
0.617, p = 0.000, n = 67), and to non-crystalline Fe compounds (Feo, rs 
= 0.617, p = 0.000, n = 67). These correlations were consistent with the 
relevance given to these soil compounds in studies about Hg in Podzols 
and podzolic soils (Schwesig and Matzner, 2000; Hissler and Probst, 
2006; Navrátil, et al. 2009; Richardson et al. 2013; Peña-Rodríguez 
et al., 2014; Nave et al., 2019; Gómez-Armesto et al., 2020b, 2021). 
The PCA analysis, made to go further on the soil components and 
processes that could explain Hg distribution in the studied soils, 
extracted four components (eigenvalues > 1) which together accounted 
for 88.4% of the soil properties variance (Fig. 3 and Table S4). The 
components PC1 and PC2 showed the largest percentages of variance 
explained (34.1 and 24.3%, respectively). PC1 is mainly associated with 
different Al compounds that could occur in soils, including medium and 
high stability Al-humus complexes (AlCu, Alom, Aloh, Alp), oxalate and 
NaOH-extracted Al (Alo and Aln) as well as inorganic crystalline and 
non-crystalline Al forms (Alc and Alia). PC2 includes variables related to 
Fe compounds (Fep, Feo, Fed, Fec) and Na-pyrophosphate-extracted Si 
(Sip). PC3, which explained 15.9% of the variation of the soil data, is 
mainly related to exchangeable Al (AlK) and low stability Al-humus 
complexes (AlLa, Alol). Finally, PC4 accounted for 14.0% of the 
Fig. 3. Loadings of each variable included in the principal component analysis 
for each principal component (PC) obtained. 
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Fig. 4. Contribution of each PC included in the PCR (wPCs) to the total Hg prediction on a horizon basis. Red dotted and blue dashed lines represent predicted and 
observed HgT, respectively. 
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variance and it involved variables related to soil organic matter of 
different degree of humification (C, N, Cp). The results of the PCA 
confirmed our aforementioned assumption about organic C and Al and 
Fe compounds as main carrier phases responsible for both Hg mobili-
zation and accumulation in the soils of the Leiria National Forest. 
A principal component regression analysis (PCR), i.e. a stepwise 
linear regression analysis using the scores of the four PCs as new vari-
ables, was performed to predict the total Hg content (HgTp) of each 
horizon. The resulted model included PC4, PC1 and PC2 as predictor 
variables obtaining an adjusted R2 of 0.652 (Eq. (2)). 
HgTp = 8.24+ 3.58*PC4+ 1.72*PC1+ 1.17*PC2 (2) 
In general, the model is rather accurate, with root-mean-squared 
error values (RMSE) of 3.8, 2.9, 2.7 and 2.0 µg kg− 1 for A, Bh/Bs, C 
and E horizons, respectively. The values of the standardized coefficients 
of the model reflect the influence of each PC in the modeled Hg. In this 
way, PC4 is by far the most influencing variable with a standardized 
coefficient of 0.707, followed by PC1 and PC2 with respective stan-
dardized coefficients of 0.339 and 0.230. 
The influence of each factor extracted by the PCA (wPC) in the Hg 
content for each soil is shown in Fig. 4. The component that contributed 
the most to the Hg concentrations found in the A horizons was PC4, 
which is related to soil organic matter variables (organic C, N and Cp). 
Consistently, the highest weights of PC4 were obtained for the A hori-
zons of the soils depicting the pattern I for HgT distribution (P.1, P.2, P.3, 
P.20 and P.21) which, at the same time, show the largest organic C 
contents (see Table S1). This result agrees with the prevalence of an 
atmospheric Hg source and the Hg sorption ability of the reduced S 
groups of the soil organic matter (Khwaja et al., 2006; Skyllberg et al., 
2006). Thus, in the soils with pattern I, the biogeochemical processes 
involving soil organic matter dynamics (Grigal, 2003; Hissler and 
Probst, 2006) that lead to the HgT accumulation in the A horizons pre-
vail upon Hg redistribution due to podzolization. On the contrary, the 
slight negative values of wPC1 in the A horizons would support the role 
of Al-organic matter associations in Hg transport to illuvial horizons as 
aforementioned and coinciding with previous studies (Schlütter, 1996, 
1997; Biester et al., 2002; Dreher and Follmer, 2004; Nave et al., 2019; 
Gómez-Armesto et al., 2020b, 2021). 
Most of the E horizons of the studied soils showed negative wPCs 
because of the absence of soil compounds able to retain the potentially 
mobilized Hg from the above A horizons due to podzolization. Previous 
studies about Hg in Podzols close to the study area (NW of the Iberian 
Peninsula) already pointed out similar reasons to explain the systematic 
low values of HgT found in the E horizons (Gómez-Armesto et al., 2020b, 
2021). Besides, the high Alp/Cp atomic ratio of the E horizons would 
favor the direct migration of Hg towards the illuvial layers. 
The PCA showed different weights of the PCs in the prediction of the 
Fig. 4. (continued). 
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Hg content in the illuvial horizons (Fig. 4). The illuvial horizons of the 
soils showing pattern I did not show soil compounds influencing posi-
tively the Hg prediction, mostly soil P.1 and P.3. On the contrary, there 
was a noticeable contribution of wPC1 (Al compounds) and wPC4 (soil 
organic matter) to HgT prediction in soils of pattern II, while the influ-
ence of the Fe compounds (wPC2) predominated in the illuvial horizons 
of the soil P.26 (pattern III; Fig. 4). This distinctive behavior of the wPCs 
to predict HgT in illuvial horizons of soils with different vertical patterns 
seems to be closely related to the occurrence of organic matter and Al 
and Fe compounds, coinciding with that previously discussed for Hg 
immobilization in the illuvial horizons. Thus, in the illuvial horizons of 
soils P.1 and P.3, organic C and Al and Fe compounds (mainly as met-
al–organic matter associations) are almost absent (Table S1). On the 
other hand, illuvial horizons of the soils P.6, P.8 and P.10 are those with 
the highest levels of organic C and total Al-organic matter associations 
(estimated as Alp) of all the studied soils (Table S1). Similarly, the Bhs 
horizon of the soil P.26 is remarkably high in secondary Fe compounds 
compared to the rest of the analyzed soils. Thus, the results of the wPCs 
of the illuvial horizons strengthen the participation of organic C and 
metal–organic matter associations in the immobilization of Hg accord-
ingly to previous studies in Podzols (Roulet et al., 1998; Gabriel and 
Williamson, 2004; Richardson et al., 2013; Nave et al., 2019; Gómez- 
Armesto et al., 2020b, 2021). 
In general, the C horizons showed negative values of the wPCs 
consistently with their low Hg content. However, some samples dis-
played positive values for wPC2 and wPC1 (Fig. 4). The positive values 
of wPC2, related to secondary Fe compounds, were found in the C ho-
rizon of the soil P.26 which was that with the highest HgT and free Fe 
pool (Fed, Table S1) among all C-horizon samples. This fact suggests that 
lithogenic sources could be contributing to Hg contents in the deepest 
soil layer of the soil P.26 to a similar extent that atmospheric deposition 
and podzolization did in the A and Bh/Bhs/Bh horizons, respectively. As 
a consequence, the vertical HgT distribution of pattern III was found to 
be uniform. Positive values of the wPC1 occurring in the C horizons of 
the soils with the pattern II (P.6, P.8 and P.10), suggest that secondary Al 
compounds can be also involved in Hg retention in these C horizons. 
Recently, Gómez-Armesto et al. (2020b) pointed out that secondary 
crystalline Al compounds (as part of the total free Al pool, Aln) could be 
participating in the Hg immobilization in C horizons of Podzols, whereas 
the interactions between these Al compounds and Hg forming hydroxyl 
species were evidenced in different types of soil including Podzols 
(Schlütter, 1997; Guédron et al., 2009). 
From the interpretations of wPCs in the E, Bh, Bhs, Bs and C horizons, 
the peaks of Hg in the illuvial horizons could be the result of the intense 
podzolization that would mobilize Hg downwards at a greater rate than 
its deposition velocity in the A horizons, resulting in the defined pattern 
II. Contrarily, in soils with pattern III, none of the mechanisms (atmo-
spheric deposition or podzolization) overcame each other and a more 
homogeneous distribution of HgT in the profile is observed. 
From the above discussion, we consider that the different vertical Hg 
patterns observed among the soils from Leiria National Forest could be 
justified by differences in the intensity of the podzolization. The in-
tensity of podsolization has been assessed following soil morphological 
features such as changes in the color parameters of Podzol horizons as 
for the POD Index (Schaetzl and Mokma, 1988). In other cases, the 
podzolization intensity is estimated as the time necessary to meet some 
chemical criteria to form a spodic horizon using soils of different ages, i. 
e. a chronosequence (Barret and Schaetzl, 1992; Mokma et al., 2004; 
Sauer et al., 2008: Cornelis et al., 2014). Simple chemical parameters, as 
the difference in Al contents between A and C horizons, is the basis of the 
podzolization index (Duchaufour and Souchier, 1978), whereas the 
amount of secondary non-crystalline Al and Fe compounds (Alo + ½ Feo) 
is still considered criteria for spodic horizons (IUSS Working Group 
WRB, 2014). As the most determinant morphological and chemical 
changes in Podzols occur between the E and the illuvial horizons, we 
calculate the ratios of organic C, organically complexed Al (Alp) and Alo 
+ ½ Feo between both horizons as a potential approach of the podzoli-
zation degree of the studied soils. Once the aforementioned ratios were 
regressed against total Hg in the illuvial horizons (Fig. 5), as more 
organic C, Al-organic matter associations (Alp) and secondary non- 
crystalline Al and Fe compounds are accumulated in the illuvial hori-
zons compared to the E layers, greater is the amount of HgT accumulated 
in the Bs and Bhs horizons. It has been shown that an increase in organic 
C and secondary Al and Fe compounds (Alp, Feo, Alo, Alo + ½ Feo) in 
illuvial horizons is the result of the progression of Podzol development 
with time (Mokma et al., 2004; Sauer et al., 2008) or a more intense 
podzolization (Jankowski, 2014; Schaetzl and Rothstein, 2016). There-
fore, as more intense is the podzolization the greater are the Hg peaks in 
the illuvial horizons as was observed for soils with pattern II. Otherwise, 
under conditions less prone to podzolization, accumulation of HgT in 
uppermost soil layers will prevail leading to soils displaying pattern I as 
generally occurs in soils not affected by podzolization. 
4. Conclusions 
The podzolization is the main pedogenetic process that occurred in 
the studied soils, based on the distribution of organic matter and Al and 
Fe compounds. These components showed an impoverishment in the A 
and E horizons and a predominance of (Al, Fe)-organic matter associa-
tions in illuvial horizons. Three vertical patterns for the Hg distribution 
Fig. 5. Relationships between total Hg in illuvial horizons (Bs, Bhs) and the ratios of organic C, organically-bound Al (Alp) and non-crystalline Al plus Fe compounds 
(Alo + ½ Feo) between illuvial (subscripts Bs, Bhs) and eluvial (subscript E) horizons depending on the type of the vertical pattern of the HgT distribution. 
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along the soil profiles were observed. The pattern I included soils with 
the highest Hg concentrations in the A horizons, whereas soils with 
subsurface Hg peaks in the illuvial horizons conformed pattern II. 
Finally, soils of pattern III did not show any significant Hg peak, being 
the Hg concentration uniform through the soil profile. In this sense, a 
balance between two natural mechanisms, soil organic matter dynamics 
and podzolization, which have been occurring simultaneously in the 
soils studied, determined these patterns. In soils showing pattern II, in 
which Hg is mobilized downwards the soil profile together with organic 
matter and Al and Fe compounds, the precipitation of DOM-metal 
complexes is the more likely process responsible for Hg accumulation 
in these horizons. The retention of Hg in these horizons by clay minerals 
such as kaolinite can be discarded given its low content and the pH 
values of these horizons. On other hand, in soils of pattern III, none of 
the two mechanisms prevailed, being Hg homogeneously distributed in 
the profile. 
The stepwise linear regression performed revealed the main com-
ponents involved in the Hg accumulation in the soil profiles studied. 
Organic matter of different degree of humification was the most influ-
encing soil variable, especially in the A horizons and to a lesser extent to 
the illuvial horizons. On the contrary, Al-humus complexes and sec-
ondary Fe compounds were the most influencing properties in the illu-
vial horizons. The low values of Hg in the eluvial horizons did not allow 
identifying any soil compound responsible for the Hg accumulation in 
them. 
These results confirmed that the soil components present in Podzol 
and podzolic soils can retain Hg in subsurface soil layers, despite the 
high sand contents that would favor higher mobility of the pollutants 
through the soil profile. Therefore, the illuvial horizons of Podzols could 
accomplish the environmental function of a barrier that avoids the 
leaching of Hg to deeper soil layers and even to groundwater, where it 
could be transformed to the more toxic methylmercury. 
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